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PandaX-II has analysed their complete data set of the electron recoil spectrum and has confirmed
the XENON1T (1-7) keV excess, though the excess is also compatible with the total background.
Treating the background as well known, in which case it provides a good fit to the observed spectrum,
one can expect stronger constraints on any new physics model with the PandaX-II electron recoil
data. With this motivation we derive constraints on new general flavor universal vector, axial-
vector, scalar and pseudoscalar interactions if they contribute to neutrino-electron scattering. For
the mediator mass ranges (0-100) keV we find new constraints on the couplings. As expected these
bounds are stronger or comparable to XENON1T up to their data taking exposures.
I. INTRODUCTION
Recently, PandaX-II has observed an excess in the elec-
tron recoil energy spectrum [1] following the similar ob-
servation of XENON1T [2]. The expected background
lies within 1σ of the experimental error in the (1 − 7)
keV region. However, the PandaX-II collaboration has
confirmed a degeneracy between the XENON1T signal
and the tritium background. This has lead them to put
a relatively weak constraint on solar axions and anoma-
lous neutrino magnetic moment for the relatively less ex-
posure of 100.7 ton-days [1]. The possibility of tritium
decay as the source of the excess or the possibility of any
new physics or the new physics induced tritium decay
will be resolved by the near future direct direction ex-
periments with their large exposure and unprecedented
low background [3–7].
PandaX-II is a 580-kg dual-phase liquid xenon detector
based on the detection technique of capture of photons
from the prompt scintillation and of the delayed photons
froom the ionized ionized electrons through photo mul-
tipliers [1]. For the analysis of ref. [1], they have used
the complete data set from Run 9, Run 10, and Run 11
with total exposure of 100.7 ton-days which is a factor of
3 less than the XENON1T [2]. Upto the statistics, both
experiments give almost similar constraints on the solar
axion and the neutrino magnetic moment.
After the initial observation of the recoil electron ex-
cess by XENON1T [2], there has been a surge of phe-
nomenological papers, either explaining excess by direct
dark matter detection or through nonstandard neutri-
nos interactions, several other derived new constraints
on model-dependent parameters or sterile neutrinos as
the possible interpretation [8–33]. With the PandaX-II
data we investigate the possibility that neutrinos possess
new general nonstandard neutrino interactions that could
modify the neutrino–electron scattering cross section at
the low energy excess region observed by PandaX-II and
XENON1T.
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Taking the total background from all experimental
components at the face value as a standard model ex-
pectation, we derive constraints on the new light gauge
boson masses and their couplings for the general model-
independent interactions, vector (V), axial-vector (A),
scalar (S) and pseudoscalar (P) in the solar neutrino-
electron interactions. Being at the lower end of the re-
coil electron spectrum and a good agreement between the
expected background, the data leverage to derive strong
constraints on the masses and coupling of such mediators.
We first perform a spectral fit to data for each individ-
ual vector, axial-vector, scalar and pseudoscalar interac-
tion by fixing the masses to 10 keV and vary the coupling
constants within 1 σ experimental errors to find the best
fits to observed excess spectrum. Further, we perform χ2
analysis to explore the full parameter space of the cou-
pling constants with one-parameter ∆χ2 distributions in
the mass range of (0-100) keV for each interaction [34].
After setting up the formal structure in section II, we
provide the analysis details and discuss the results in sec-
tion II. In section IV, we discuss our results and conclude.
II. THE EXPECTED EVENTS SPECTRUM
We present the important expressions and formulas
for the new light gauge boson mediating vector, axial-
vector, scalar and pseudoscalar interactions relevent for
this work in the neutrino-electron elastic scattering pro-
cess.
The standard model differential cross section for the
ν − e scattering is
(
dσναe
dEr
)
SM
=
2G2Fme
pi
[g2L+g
2
R
(
1− Er
Eν
)2
−gLgRmeEr
E2ν
]
(1)
whereGF is Fermi constant, gL(R) = (gV ±gA)/2+1 for
νe and gL(R) = (gV ± gA)/2 for νµ and ντ , gV = −1/2 +
sin2 θW , gA = −1/2, Eν is the incoming neutrino energy
and Er is the electron recoil energy in the detector. We
take sin2 θW = 0.23867± 0.00016 in the MS scheme [35]
with small radiative corrections, less than 2%, included.
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2We consider the simplest model in which all the light
mediators universally couple to electrons and all flavors
of solar neutrinos. In this case, in the low momentum
transfer limit, for the vector and axial couplings, the SM
couplings with electrons, gV/A is replaced by g˜V/A in eq.
1 [36], where
g˜V/A = gV/A +
(
g2
V ′/A′√
2GF (2meEr +mV ′/A′ )
)
, (2)
where gV ′/A′ is the coupling constant and mV ′/A′ is the
mass of the new vector/axial-vector mediators.
The contribution of scalar mediators is added without
interference. In this case, the scalar and pseudo-scalar
interaction cross sections [37] are(
dσναe
dEr
)
S
=
(
g4S
4pi(2meEr +mS)2
)
m2eEr
E2ν
, (3)
(
dσναe
dEr
)
P
=
(
g4P
8pi(2meEr +mP )2
)
meE
2
r
E2ν
, (4)
where gS and gP are the scalar and pseudo-scalar cou-
pling constant andmS , mP are their masses, respectively.
For estimating the new physics contribution to the ob-
served electron recoil spectrum at PandaX-II, we define
the differential event rate in terms of the reconstructed
recoiled energy (Erec) as
dN
dErec
= Ne
∫ Emxr
Ethr
dEr
∫ Emxν
Emnν
dEν
(
dσνee
dEr
P
m
ee + cos
2 θ23
dσνµe
dEr
P
m
eµ + sin
2 θ23
dσντe
dEr
P
m
eτ
)
dφ
dEν
(Erec)G(Erec, Er),
(5)
where G(Er, Erec) is the Gaussian function which takes
into account the finite energy resolution of the detector
with a resolution power σ(Er)/Er and (Erec) is the de-
tector efficiency taken from ref. [38], dφ/dEν is the
solar flux spectrum taken from [39] and Ne is the 1007.7
ton-day exposure of PandaX-II [1]. Here, dσvαe/dEr are
cross sections given in eq. 2 above, P
m
ee and P
m
eµ/τ are
the oscillation length averaged survival and conversion
probabilities of solar neutrino including the small matter
effects given as
P
m
ee = s
4
13 +
1
2
c413(1 + cos 2θ
m
12 cos 2θ12) (6)
and P
m
eµ/τ = 1 − P
m
ee, where sij , cij are mixing an-
gles in vacuum and θm12 is the matter effects induced
mixing angle taken from [35, 40]. We take values of
oscillation parameters and their uncertainties from [35]
and for the analysis we consider only the normal order-
ing scheme. The integration limits are Emnν = (Er +√
2meEr + E2r )/2 and E
mx
ν is the upper limit of each
component of the PP-chain and CNO neutrinos which
were taken from ref. [39]. Note the CNO neutrino has
negligibly small effect for the observed energy range of
interest. Ethr = 1 keV is the detector threshold and
Emxr = 25 keV is the maximum recoil energy for the
region of interest. We further note that we do the analy-
sis with the general case of non-maximal scheme of “23”
sector as clear from eqn. 8.
III. ANALYSIS AND RESULTS
We take all the data points, their errors and the respec-
tive background from ref. [1] as shown in our fig. 1. The
total background shown in fig. 1 is the sum of the back-
ground from detector source components. They mainly
come from Flat ER, Tritium, 127Xe, 136Xe, accidental
and from neutrons. With the above set up, we calculate
the differential event energy spectrum as a function of
Erec for the standard model case and then for our new
physics with light mediators.
First we normalize the expected new physics event dis-
tribution spectrum with our SM expectations due to their
interference and if the total background includes some
contribution from the standard neutrino-electron inter-
actions. It happens that this effect is negligibly small.
This small SM contribution can be seen with the or-
ange curve in fig.1. For the scalar and pseudoscalar we
add new physics as a signal above the given background.
More importantly we note that our results mainly rely on
reproducing the PandaX-II neutrino magnetic moment
result since we modify our χ2 statistical model to first
exactly reproduce their constraint of 3.2 × 10−11µB at
90% C.L. We discuss this point with further details in
the next section.
A. The spectral shape analysis
We perform a spectral fit with non-linear model fitting
to the observed data with coupling constants of each in-
teractions, vector, axial-vector and scalar, pseudoscalar
one at-a-time and fix the value of mediator masses at 10
keV in each case. This fit was weighted with 1σ exper-
imental error. The result of the spectral fit analysis is
shown in fig. 1(top) for the vector and axial vector case
while the fitting spectrum of the scalar and pseudoscalar
is shown in fig. 1 (bottom).
As clear from the spectral fit shown in fig. 1, the data
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FIG. 1. Experimental data, backgrounds, the standard
model expected spectrum and our expected new physics fitted
spectrum for vector/axial-vector (top), scalar/pseudoscalar
(bottom) for the masses and coupling shown with the corre-
sponding legends.The data points and background were taken
from ref. [1]. The small contribution of the SM expectation
is shown in orange color.
within 1σ error prefer coupling strengths of 2× 10−7 for
the vector, axial-vector and scalar interactions at mass
of the gauge boson of 10 keV, while the pseudoscalar
interaction favors 2× 10−6, an order of magnitude large
coupling than the other three.
B. Constraints on V,A, S and P interactions from
the PandaX-II data
To derive constraints on the new light mediator masses
and the couplings for the vector, axial-vector, scalar and
pseudoscalar interactions contributing to ν−e scattering
process using the PandaX-II data, we define a modified
χ2 function as follows
χ2 =
∑
i,j
a
(
bi(dN/dErec +B(Erec))
j
th − (dN/dErec)jobs
ciσj
)2
(7)
where a, bi and ci with i = 1, 2 are scaling factors intro-
duced to exactly reproduce the PandaX-II result on the
enhanced neutrino magnetic moment. We find them as
a = 0.38, b1 = 1, b2 = 0.75, c1 = 0.40, c2 = 1. These fac-
tors account for the uncertainties related to background
and other systematic errors related to efficiencies, detec-
tor mass etc [1]. The expression in the bracket (.....)jth
corresponds to the expected number of events in the j−th
bin while the observed numbers of events are represented
with bracket (...)jobs. σ
j is the uncertainty in the corre-
sponding bin as given fig. 1. The data and errors shown
in fig. 1 were taken from ref. [1]. Using the χ2 func-
tion of eq. 7, we exactly reproduce the upper bound of
3.2× 10−11µB at 90% C.L. [1] on the neutrino magnetic
moment. We take total of 25 energy bins for the analysis.
Using the fitting function of eq. 7, we derive con-
straints on the coupling constant for each interaction
with four benchmark values of the light gauge boson
masses (0 keV, 10 keV, 50 keV and 100 keV) in each
case. The obtained ∆χ2 distribution and their projec-
tions at 90% C.L. are shown in fig. 2 for the vector and
axial-vector and in fig. 3 for the scalar and pseudoscalar
mediators. The derived constraints at 90% C.L. at 10
keV masses are given in Table I. For guidance we also
present bounds from other laboratory based experiment
GEMMA, Borexino and TEXONO for vector-type cou-
plings only [41].
IV. DISCUSSION AND CONCLUSIONS
Following the XENON1T observation of the low en-
ergy recoil electron excess, PandaX-II has also analysed
their complete data sets of the electron recoil spectrum
with the total exposure of 100.7 ton-days [1]. They have
confirmed the (1-7) keV excess of XENON1T. With no
definite conclusion they have constrained the solar axion-
electron coupling and the enhanced neutrino magnetic
moment. Their final conclusion is the degeneracy be-
tween the XENON1T excess and the tritium decay back-
ground in the low energy tail of the recoil spectrum.
Using Panda-XII data we extend the search for model-
independent general interactions introduced through the
effective four fermion operators at low energy in the so-
lar neutrino-electron interactions. We consider the new
vector, axial-vector, scalar and pseudoscalar interactions
which encompass most of the models beyond the stan-
dard model those which predicts the new weakly coupled
light mediators to fermions. The mass generation in such
model occurs at scale below the electroweak scale. For
simplicity we have considered the universal couplings of
the effective interactions to electron and to the three fla-
vor of neutrinos. The constraints on mediator masses
4Coupling PandaX-II GEMMA Borexino TEXONO
gV ′ (×10−7) . 2.3 . 4.0 . 10.8 . 15
gA′ (×10−7) . 2.4 − − −
gS (×10−6) . 0.9 − − −
gP (×10−6) . 2.7 − − −
TABLE I. 90% C.L. bounds at 10 keV mass of new light gauge boson of the vector, axial-vector, scalar and pseudoscalar
couplings from PandaX-II data (this work) and from other laboratory experiments taken from ref. [41]. For the full parameter
space of all interactions in the mass ranges (0-100) keV from PandaX-II data, see fig. 2 and 3.
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FIG. 2. 1 parameter ∆χ2 distributions and the 90% C.L.
projection of vector, axial-vector interaction couplings for
the benchmark values of the corresponding mediator masses
(m0= 0keV, m10= 10keV, m0= 50keV and m100= 100keV).
and the coupling constants were then derived with these
assumptions.
We have fitted the PandaX-II spectrum above the
known background including the tritium to the model
with all the four type new interactions and the medi-
ator masses. From this constrained spectral fit of the
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FIG. 3. 1 parameter ∆χ2 distributions and the 90% C.L.
projection of scalar and pseudoscalar interaction couplings for
the benchmark values of the corresponding mediator masses
(m0= 0keV, m10=10 keV, m0= 50keV and m100= 100keV).
coupling constants to the data weighted with 1σ experi-
mental uncertainties can accommodate all the light me-
diator masses of 10 keV and the couplings of the order
of 2× 10−7 for vector, axial-vector, scalar mediators and
2×10−6 for the pseudoscalar interactions. The results of
this analysis are shown in fig. 1.
5The constraints derived in this work are shown in fig.
2, 3 and Table I. Following ref. [1], we have derived
these constraints assuming all the expected background,
including the one from tritium decay, is known. This
provides better agreement between the standard model
expectations for the background and the data, leaving
narrower room for new physics. In turn we can expect
stronger constraints with PandaX-II than XENON1T on
any new physics model including the one considered here.
This is what we can see from fig. 2, 3 and Table I. We
note that XENON1T has a factor of 3 larger data taking
exposure than PandaX-II. So, for the equal exposures but
with current data set PandaX-II has stronger constraints
on any new physics.
We conclude that the direct dark matter detection ex-
periments could perform well in understanding the neu-
trino interactions in addition to the direct dark matter
searches. Pertinent to the question of the observed excess
at both PandaX-II and XENON1T, neutrinos could be
the top candidate to explain it if the tritium background
contribution is excluded in the excess region of both ex-
periments. In the converse case, boundaries of the effec-
tive couplings of the new interactions with neutrino and
electron and the mediator masses are pushed down by a
factor of 2 to an order of magnitude in case of the vec-
tor mediator in comparison to the current bounds, while
new constraints are derived in case of axial-vector, scalar
and pseudoscalar interactions. Currently, PandaX-II put
even stronger constraints on any new physics in the re-
gion of 1-25 keV recoil electron up to the exposure in
comparison to XENON1T as can be seen from fig. 2, 3
and Table I.
Indeed, the possibility of massive neutrinos with new
interactions could be either confirmed or excluded by the
near future direct detection dark matter experiments [3–
7] or by the dedicated neutrino experiments.
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